Background: There is little information on the molecular factors important in healing and changes that occur in the glenoid labrum in response to injury. Using a novel animal model of acute anterior shoulder dislocation, this study characterizes the factors expressed in the glenoid labrum in response to injury and correlates their expression to glenohumeral stability.
Shoulder dislocation is a common injury and most often occurs in the anteroinferior direction. During injury, the displaced humeral head stretches the capsuloligamentous structures, causing capsular tear 4, 28, 35 and/or labral avulsion. 5, 6, 11, 17, 18, 25, 35, 36 Anteroinferior labral lesions often require surgical fixation due to persistent anterior glenohumeral instability. 3, 13, 19, 26 Despite the common nature of acute anterior glenohumeral dislocation, there is little information on the biologic and biochemical factors that are important in healing of the glenoid labrum.
Bankart was the first to characterize the anatomic pathology of shoulder instability, calling the anteroinferior labral tear ''the essential defect'' in shoulder instability. 16 The glenoid labrum is composed of fibrocartilaginous tissue at the junction of the capsule of the shoulder and the glenoid. 27 Because of the absence of information available on glenoid labral healing, most information must be extrapolated from our knowledge of the knee meniscus. The glenoid labrum is similar to the meniscus in the knee in that only the peripheral margin has a significant vascular supply.
The inner, avascular third of the meniscus has limited healing capacity while the outer two-thirds may heal by scar formation. 2 Soluble mediators (eg, growth factors and cytokines) or physical factors (eg, mechanical compression or stretch) can have a significant influence on the metabolic activity of meniscal cells. 15 Some of the important factors in meniscal healing include transforming growth factor-beta (TGF-b) and interleukin-1 (IL-1). Transforming growth factor-b1 (TGF-b1) stimulates mesenchymal cells to produce specific proteoglycans and type II collagen. 34 The expression of proinflammatory cytokines such as IL-1 is known to be elevated in the presence of joint injury in the knee. 14, 21, 37 This study was designed to develop an animal model of glenohumeral instability and to determine the immunohistochemical and mechanical changes that occur in the labrum in response to injury. Unlike the meniscus, there is currently no reliable animal model for glenoid labral injuries, and little is known about its capacity for healing. Soslowsky et al 33 demonstrated that the bony, ligamentous, and muscular anatomy of the rat shoulder resembles that of the human, making it a good model to study shoulder pathology. 8, 30 These protocols are well established and applicable to the experimental design of this study as well. 12, 33 Based on studies of proinflammatory cytokines and growth factors in the meniscus, we hypothesized that, similarly, IL-1b, matrix metalloproteinases 3 and 13 (MMP3 and MMP13), TGF-b1, and collagen type III will be induced in the healing glenoid labrum and capsule in response to injury. This study also performed biomechanical testing to verify the ability of the model to create glenohumeral instability and to correlate the changes in growth factors and cytokines with biomechanical changes that occur.
METHODS

Glenoid Labral Injury
Eight-week-old male Lewis rats weighing approximately 250 g (N ¼ 50) were used in this study. This species was recommended by our Institutional Animal Care and Use Committee (IACUC), and rats of sufficient size and weight were required to perform biomechanical testing and histology. Ten rats were used for immunohistochemical analysis, and 40 rats were used for biomechanical analysis. The studies were approved by our hospital's IACUC (biomechanical study, CMTT 0064-11; immunohistochemistry study, CMTT 0092-10).
The male Lewis rats were anesthetized with an intraperitoneal injection of Dexdomitor (Zoetis; 0.5 mg/kg)/ ketamine (75 mg/kg) at the time of surgery, followed by an intramuscular dose of cefazolin (Ancef; SmithKline; 20 mg/kg). Once the animals were anesthetized, the posterior aspect of the right shoulder was shaved and prepped, and the surgical field was sterilely draped. A 3-to 4-cm incision was made longitudinally along the posterior aspect of the shoulder. The deltoid was incised posteriorly to expose the posterior rotator cuff, and the rotator cuff and capsule were incised longitudinally to expose the glenohumeral joint. Traction was applied to the forelimb to expose the glenoid and the attached labrum. A No. 15 scalpel was used to create a small laceration in the anteroinferior labrum at the level of the glenoid rim ( Figure 1 ). The laceration included the entire anterior glenoid labrum to include the entire anteroinferior glenohumeral ligament and continued inferiorly to a point just past the 6 o'clock position on the glenoid face. The shoulder was then traumatically dislocated anteriorly and inferiorly until the humeral head was completely dislocated on the glenoid. The shoulder was allowed to relocate, and the posterior capsulotomy and rotator cuff defect were repaired using absorbable sutures. No repair was performed anteriorly. The labral lesion was created prior to dislocation to ensure that a Bankart lesion was created in the same location rather than instability occurring from other pathology or injury to the remaining capsule. The subcutaneous tissue was closed with 4-0 absorbable sutures, and the skin was closed using wound clips. This procedure was performed by the same 2 investigators (M.K.M. and S.E.G.) and was easily reproducible. The same procedure was used for each rat shoulder, and quantification of the size of the laceration was performed by visual inspection by the surgeon as described.
The effects of anesthesia were reversed using atipamezole hydrochloride (Antisedan; Zoetis; 1.0 mg/kg) given by intramuscular injection. The animals were placed in separate cages and kept warm while recovering from surgery. Once fully awake, the animals received buprenorphine hydrochloride (0.03 mg/kg) subcutaneously. Buprenorphine 0.03 mg/kg subcutaneously was also given twice daily for the first 2 postoperative days. Animals were allowed to move freely in the cage, and no immobilization was used. Most animals avoided using the affected limb for the first several days. After the first 2 to 3 postoperative days, the animals showed no obvious signs of limb dysfunction or gross instability. The clinical results were not recorded and were not correlated with immunohistochemical or biomechanical testing.
Immunohistochemical Staining of Rat Labrum
Immunolocalization experiments were performed to localize the expression of growth factors and cytokines (TGF-b1, IL-1b, MMP3, MMP13, and collagen III). Ten rats, divided into groups of 2, were sacrificed by carbon dioxide inhalation at 3, 7, 14, 28, or 42 days. Both the injured and contralateral uninjured shoulders were harvested and prepared for histological and immunohistochemical analysis. The glenohumeral joint was isolated and included the bony and capsulolabral tissue for histological analysis. The surrounding tissues including the muscle and rotator cuff were not included in the preparation. Tissues were harvested and preserved in 4% paraformaldehyde. Tissues were then decalcified and embedded in paraffin blocks, and 5-mm coronal sections incorporating the injured labrum of each shoulder were cut. Sections were deparaffinized by sequential immersion in a series of graded xylene and ethanol. Endogenous peroxidase activity was quenched, and blocking serum was applied. Sections were incubated with primary and secondary antibodies of relevant genes, followed by conjugation of horseradish peroxidase to secondary antibodies. Chromogenic reaction occurred by immersing sections in 0.05% diaminobenzidine tetrahydrochloride. Counterstaining was done using hematoxylin-eosin or methyl green.
Grading Slides
Histologic analysis was performed semiquantitatively using a grading scale, where 0 indicated <5% staining, 1 indicated !20% staining, 2 indicated !50% staining, and 3 indicated !90% staining. This analysis was performed independently by 3 graders blinded to specimen group. The fibrocartilaginous tissue immediately adjacent to the glenoid articular cartilage was identified as the labral tissue and area of focus for histologic analysis. The surrounding tissues including muscle and rotator cuff were not included in the preparation. All 3 graders were instructed to examine these sections when grading slides.
Biomechanical Testing of Rat Labrum
Forty rats, divided into groups of 10, were sacrificed by carbon dioxide inhalation at 3, 7, 14, or 28 days. After sacrifice, the forelimbs were removed and dissected to isolate the glenohumeral joint capsule, humerus, and scapula. The humeri were potted in urethane (Smooth-On) with the assistance of a custom alignment fixture and were mounted to the actuator of an EnduraTec ELF 3200 load frame (EnduraTec Systems) using custom pull-out fixtures. The scapulae were clamped rigidly using custom fixtures in the same horizontal plane such that there was no internal or external rotation. The actuator moved up and down simulating anterior and posterior displacement of the humerus with respect to the glenoid. The glenohumeral joint was fixed at 45 of abduction, neutral rotation ( Figure 2 ). Anterior-to-posterior laxity fatigue was performed for 100 cycles each at a frequency of 1 Hz and a load of 3.64% of the weight of the rat at the time of sacrifice. Glenohumeral laxity research in human cadavers has commonly used ±25 N as the metric to analyze laxity differences between repair techniques. 24, 39 We theorized that a 25-N force in a 70-kg human equated to 3.64% of the mean force of gravity. Monotonic loading in anterior tension at a constant displacement rate of 0.25 mm/s was completed on conclusion of fatigue testing until failure. Load and displacement data were acquired using WinTest collection software (EnduraTec Systems). Dynamic stiffness for anterior and posterior laxity, load to failure, stiffness, and maximum load were recorded. The uninjured shoulder was used as a control.
Statistical Analysis
Because of the small sample size for immunohistochemical staining, no statistical analysis was able to be performed. Generalized estimating equations were used to compare injured and uninjured limbs at different days postinjury. Within-animal limb differences were modeled as having a heterogeneous compound symmetric variance covariance structure (each limb has a variance and a covariance between limbs), block diagonal by day of sacrifice. Laxity measures and yield load were positively skewed and modeled using a lognormal distribution. Maximum load and displacements were modeled as Gaussian. Comparisons between limbs at each day of sacrifice were maintained at an alpha of 0.05 using the Holm test to adjust each P value. Sandwich estimation was used to adjust for any model misspecification. Differences between injured and uninjured limbs were expressed as a ratio using 95% confidence limits.
RESULTS
Hematoxylin-eosin staining of the capsulolabral injury group and noninjured controls at 3 and 7 days (Figure 3 ) demonstrated widening of the glenohumeral joint and disruption of the glenoid labrum versus uninjured controls ( Figure 3, A and B) . At higher magnification, the injured specimen displayed marked hypercellularity at 7 days compared with the uninjured labrum ( Figure 3, C and D) . There was no obvious degeneration noted in the articular cartilage of the visible joint surfaces on histologic examination.
While the sample size for each factor tested was small, trends in expression and localization were able to be observed. Expression of the proinflammatory cytokine IL-1b was increased at all time periods in injured tissue compared with uninjured tissue (Figure 4) . Expression of TGF-b1 was also increased in injured compared with uninjured tissue at 3, 14, and 42 days (Figure 4) . Expression was diffusely localized and present both in cells and surrounding fibrous tissue ( Figure 5 ). MMP3 and MMP13 were both expressed at increased levels in injured tissue compared with uninjured tissue at 3, 7, and 14 days, although there was baseline expression of MMP3 at all time points in uninjured controls (data not shown). MMP expression was primarily localized to inflammatory cells and fibroblasts ( Figure 5 ). Collagen III expression was also increased early at 3 days and gradually decreased with time by 42 days postinjury (Figure 4) . Expression was diffusely localized throughout the injured tissue.
Biomechanical Analysis
Clinically, the rats did not demonstrate any obvious impairment in function or gross instability postoperatively; therefore, clinical outcome was not correlated with biomechanical testing. Biomechanical testing verified the presence of instability created by this model. Injured shoulders demonstrated increased anterior laxity at all time points compared with controls ( Figure 6 ), although statistically significant differences occurred only at day 7 (P ¼ .0001) and day 14 (P ¼ .0434). The amount of displacement increased over time in injured shoulders, whereas it did not significantly change in the control group. At 2 weeks, injured and uninjured shoulders displayed similar maximum load characteristics ( Figure 7A ). At 3, 7, and 28 days, the injured shoulders were able to withstand lower levels of maximum load compared with controls ( Figure 7A ), and this difference was statistically significant at the day 3 time point (P ¼ .0008). The continued presence of decreased maximum load in injured shoulders at 28 days suggests an inadequate healing response to injury. Displacement to yield was increased in injured compared with noninjured specimens at 3, 7, and 14 days, although these differences were not statistically significant (data not shown). Injured shoulders demonstrated decreased stiffness compared with uninjured shoulders at all time points ( Figure 7B) , with statistically significant decreases noted at 7 (P ¼ .0191) and 28 days (P ¼ .0362). These findings support the ability of this model to re-create anterior glenohumeral instability.
DISCUSSION
In this novel animal model of acute anteroinferior labral injury with resultant anteroinferior glenohumeral instability, we found increased expression of proinflammatory cytokines IL-1b, TGF-b1, MMP3, and MMP13 in the injured labral tissue when compared with uninjured control shoulders. Expression of these factors occurred early at 3 days following injury and decreased by 42 days postinjury. While TGF-b1 was diffusely expressed, MMP and IL-1b expression were primarily localized to inflammatory and fibroblastic cells. -1 beta (IL-1b) , (C) transforming growth factor-beta 1 (TGF-b1), (D) matrix metalloproteinase 13 (MMP13).
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There are no prior investigations on the role of cytokines in labral healing; however, the meniscus in the knee may be analogous to healing in the glenoid labrum. A recent in vitro study by Hennerbichler et al 15 revealed treatment of meniscal tissue with either IL-1 or tumor necrosis factoralpha (TNF-a) inhibited cell accumulation and meniscal repair. Elevated cytokines such as IL-1 and TNF in the injured labrum may therefore lead to suppression of matrix biosynthesis and increased enzymatic degradation. 15 In this study, we found consistent elevation of IL-1b in the injured glenoid labrum as compared with controls. Increased levels of IL-1 stimulate catabolic pathways and inhibit anabolic pathways in joint tissues. IL-1 expression leads to increased production of inflammatory mediators, including prostaglandin E2 (PGE2) and nitric oxide (NO), stimulates transcription and activity of MMP, increases release of proteoglycans, and inhibits collagen and aggrecan synthesis. 38 Therefore, the increased expression of IL-1b that we observed in the injured glenoid labrum may play a role in an inadequate healing response that occurs in the glenoid labrum after shoulder dislocation.
We also observed increased expression of TGF-b1 in the injured glenoid labrum as compared with control specimens at 3, 14, and 42 days postinjury. Several animal models have demonstrated an association of TGF-b1 with scar and adhesion formation. 9, 23, 29 TGF-b1 and TGF-b3 play an important role in regulating musculoskeletal growth and differentiation. 22, 29 Adult wound healing in skin and tendon midsubstance occurs with scar formation and elevated levels of TGF-b1 through a process of remodeling. 29, 31, 32 The expression of TGF-b1 in injured labral tissue is consistent with these prior data and supports inadequate healing by scar tissue formation as a result of labral injury.
We also observed increases in collagen type III in the injured labrum after shoulder dislocation. Increased levels of collagen type III have been seen in degenerated and ruptured tendons. 7, 20 Galatz et al 12 used a rat model to investigate collagen formation at the early repair site in rotator cuff healing. Immunohistochemical results demonstrated disorganized scar material present at the insertion site and expression of type III collagen. 12 Our immunohistochemical analysis revealed similar results, showing that collagen III expression was diffusely expressed early following injury, with a gradual decrease at later time points. Increased expression of collagen III in the glenoid labrum further supports scar formation in response to labral injury. The immunohistochemical findings in this study are limited to the capsulolabral tissue, and the surrounding tissue response to injury in the rotator cuff muscles and tendons was not evaluated.
Biomechanical analysis of rat shoulders with acute anterior instability revealed increased anterior laxity as compared with uninjured shoulders. Laxity increased by 4 weeks, suggesting persistent instability and labral injury in these shoulders. Stiffness and maximum load to failure also decreased in injured compared with uninjured shoulders, further supporting persistent instability. In a similar study of rat rotator cuff injury, Galatz et al 12 found a gradual improvement in biomechanical properties over time. In contrast, the biomechanical results from our study did not support any improvement in laxity by the 28-day time point. This suggests that although the rotator cuff is capable of healing to a certain extent with scar tissue, the glenoid labrum may not be capable of such a response.
There are limitations to this study. The animal model used in this study requires an acute laceration of the anterior labrum and does not directly correlate to the traumatic injury that occurs in humans. To control for this discrepancy, we used a combined model of injury where an acute labral laceration/simulated tear was followed by a traumatic dislocation where the humeral head was forcefully dislocated in an anterior-inferior direction. We feel that this mechanism more closely represents the injury that occurs in vivo. In addition, a sham control was not performed in this study; therefore, some of the immunohistochemical changes seen may be due to the surgery alone or to the global injury that occurs during a dislocation rather than specifically a labral tear. Additional studies will assess the effect of the surgical approach on these findings. Third, only a small subset of growth factors known to be involved with impaired meniscus and tendon healing were examined in this study. Many other growth factors and cytokines are involved with this healing process and likely contribute to the inadequate healing response seen following glenoid labral injury. Further studies are planned to determine the role of these and other factors and their relationships to glenoid labral healing.
CONCLUSION
There is currently no reliable animal model for glenohumeral instability, and little is known about the capacity for glenoid labral healing after shoulder dislocation. Increased anterior laxity and decreased stiffness and maximum load to failure were seen after anterior labral injury, supporting the model's ability to re-create anteroinferior glenohumeral instability. In this novel animal model, we found increased expression of cytokines, growth factors (IL-1b, TGF-b1, MMP3, and MMP13), and collagen III in the injured labral tissue. These immunohistochemical and biomechanical data provide important information on the temporal changes that occur after anterior glenohumeral dislocation and anterior labral injury. Identification of these and other factors may lead to the development of novel agents that can be used to augment glenoid labrum healing and ultimately improve both surgical and nonsurgical treatment of this common shoulder injury.
